Background: Mycobacterium tuberculosis is a significant human pathogen capable of replicating in mononuclear phagocytic cells. Exposure to reactive oxygen and nitrogen intermediates is likely to represent an important aspect of the life cycle of this organism. The response of M. tuberculosis to these agents may be of significance for its survival in the host.
INTRODUCTION
Although tuberculosis has never ceased to remain a global problem (1) , it has been considered a conquered disease in developed countries. However, a recent resurgence of tuberculosis in the United States and other industrialized nations, which is linked to acquired immunodeficiency syndrome (AIDS) and socio-economic factors (2) , is a reminder that more needs to be learned about its etiologic agent, Mycobacterium tuberculosis. This pathogen is readily taken up by mononuclear phagocytes where it is capable of multiplying. Stimulation with cytokines enables macrophages to reduce their mycobacterial bur-den (3) (4) (5) (6) , and based on experimental data it has been initially suggested that oxygen radicals are responsible for the intracellular killing of M. tuberculosis (7) (8) (9) . More recent investigations however have shifted the emphasis from reactive oxygen species to reactive nitrogen intermediates (3) (4) (5) (6) , but perhaps both types of radicals are involved, as exemplified by hybrid products such as peroxynitrite (10) .
In enteric bacteria, which currently serve as model systems for oxidative stress response (11, 12) , exposure to superoxide (02-7) generating compounds and hydrogen peroxide induces or enhances expression of over 90 genes and is controlled by several central regulators, two of which, OxyR and SoxRS, have been identified and thoroughly characterized (13) (14) (15) (16) (Fig. IA) . The oxyR regulon is activated upon exposure to (ii) The majority of 02-induced polypeptides in M. tuberculosis are the previously characterized heat shock proteins (Hsp), with the exception of the newly identified 02-inducible polypeptide Mnd86. (iii) NO induces a number of polypeptides (designated as Nox followed by apparent Mr) that appear not to be inducible by other stress factors tested. (iv) M. tuberculosis has multiple lesions in oxyR (24) as illustrated in Panel C (comparison with a functional oxyR gene from M. leprae; deletions are marked as filled rectangles). Consistent with these findings, there is no differential induction of gene expression in M. tuberculosis exposed to H202 except in the case of katG, which appears to be affected in combination with other cultural conditions (e.g., slightly elevated temperature) (24) . HS, heat shock. Genes and protein names are explained in the text.
hydrogen peroxide and leads to increased synthesis of nine proteins, including catalase-peroxidase (KatG), glutathione reductase (GorA), alkyl hydroperoxide reductase (Ahp), and Dps, a nonspecific DNA-binding protein (17) . The soxRS regulon in Escherichia coli is activated by superoxide generating compounds (15) , nitric oxide (NO,) (18, 19) , and by several oxidants even under anaerobic conditions (20, 21) . It has been suggested that the central regulator SoxR, which is an iron-sulfur protein (22) , responds to the balance between reduced and oxidized flavodoxin and ferredoxin (21) . This balance is disturbed by redox cycling compounds such as menadione, which divert electrons from NADPH to the reduction of oxygen to generate 02- (21) , resulting in the activation of at least 10 genes (15) . These include the genes encoding Mn-containing superoxide dismutase (sodA), glucose 6-phosphate dehydrogenase (zwf), NADPH: ferredoxin oxidoreductase (fpr) (21) , DNA repair endonuclease IV (nfo), and stable fumarase (fumC) (23) .
We show here that the response of M. tuberculosis to oxidants differs from the response seen in E. coli and Salmonella typhymurium (Fig. 1B) . These Metabolic Labeling and Two-Dimensional Gel Electrophoresis M. tuberculosis cultures were incubated by continuous rolling for 3 days or as indicated and then used for labeling after pelleting by centrifugation at 3,000 X g for 5 min and 20°C and resuspending in 1/7 volume of the original growth medium. One-milliliter aliquots were exposed to tested compounds by adding 1 to 10 ,ul of solutions in water (hydrogen peroxide) or dimethyl sulfoxide (all other compounds) followed by addition of 10 _uCi 35S-methionine and 35S-cysteine (NEN, protein labeling mix). After 4 hr of rolling incubation at 370C, the samples were spun for 3 min in an Eppendorf microcentrifuge at maximum speed. Approximately 50 ,ul of zirconium beads (0.1-to 0.15-mm diameter, Biospec Products, Inc., Bartlesville, OK, U.S.A.) and 100,l of water were added to the pellets. Disruption of bacteria was achieved by vortexing in a mini-beadbeater-8 (Biospec Products) for 2 min at maximum speed. Equal volumes of the homogenates were analyzed by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and by two-dimensional gel (2-D gel) electrophoresis as described previously (25, 26) . The proteins were transferred by electroblotting onto Immobilon-P membrane (Millipore, Marlborough, MA, U.S.A.) in 10 mM 3-[cyclohexylamino]-1-propanesulfonic acid buffer at pH 11 (NaOH) and 10% methanol at either 5 volts over night or 50 volts for 1 hr, and the filters were subjected to autoradiography.
RESULTS

M. tuberculosis Response to Superoxide Generating Compounds
The effects of O2f* on protein synthesis in M.
tuberculosis were examined by exposure to menadione, a redox cycling compound which increases intracellular levels of 02- (21, 27, 28 (18, 19) .
To examine the pattern of induction by nitric oxide in M. tuberculosis, we exposed the bacteria to the nitric oxide donor SNAP (32) . Exposure to SNAP induced a variety of polypeptides (Fig. 4) . Among these, the 11-and 14-kD polypeptides, termed NoxI 1 and Nox 14, respectively, were expressed at high levels (Fig. 4) . NoxI 1 and Noxl4 were not induced by any other of the oxidants tested. Only one inducible polypeptide (28 kDa) was potentially the previously identified 28-kD heat shock protein (Fig. 4) . The patterns of NO'-inducible polypeptides (Fig. 4) Fig. 6B . The cumene hydroperoxideinducible 15-and 28-kD polypeptides overlap with the positions of the previously characterized heat shock proteins Hspl5 and Hsp28 (26) . Figure 6B also shows 45-and 53-kD polypeptides (Chp45 and Chp53), not discernible on single dimension SDS-PAGE autoradiograms (Fig. 6A) (26 (24) (Fig. IC). (ii) Exposure to redox cycling agents, which increase endogenously generated 02-causes induction of a number of gene products. However, the majority of these polypeptides appear to overlap with the heat shock proteins (Fig. LB) . (iii) A vigorous and complex display of differential gene expression is observed upon exposure to NO generating compounds. (iv) There is very little overlap between 02 --induced response and heat shock proteins on one side and NO'-induced polypeptides on the other (Fig. IB) , suggesting that they may be controlled by independent regulatory mechanisms.
Perhaps the most intriguing observation presented here is the differential display of gene expression in response to nitric oxide. Preliminary studies with NO-generating compounds other than SNAP (e.g., nitroso glutathione, diethylenetriamine nitric oxide adduct) support the data shown in this work. NO gas was not used in the present study, since a recent report (19) indicates that a slow but continued release of NO has a more profound effect than a bolus of NO 
